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1. Introduction  
Taste, or gustatory perception, is the sensation generated as a result of the 
chemical reactions between a substance and the taste receptors in an 
organism’s mouth.  In humans, five basic taste qualities have been identified: 
sweet, salty, sour, bitter, and more recently, savoury or “umami” (Ikeda, 2002; 
Lindemann et al., 2002). It is through gustatory perception that humans learn 
to recognize and seek nutritious food sources. For instance, carbohydrates, 
which are energy-rich, usually produce a pleasant sweet taste; whereas sodium 
plays a vital role in homeostasis and is indicated by a salty taste which is 
pleasant in moderate concentration. Gustatory information also aids in 
identifying and avoiding certain harmful substances, e.g. bitter taste often 
indicates toxins and is universally unpleasant even in very low concentrations. 
Consequently, more so than any of the other four traditionally recognized 
senses - audition, olfaction, somato-sensation and vision - gustation plays a 
central role in survival. Impaired taste sensitivity has even been associated with 
higher mortality rates among acutely hospitalized older individuals (Solemdal 
et al., 2014).   
The sense of taste is additionally unique in that it does not occur in 
isolation.  What is colloquially referred to as the “taste” of a food is usually not 
just the taste but the “flavour”, i.e. the combination of the gustatory and 
retronasal olfactory sensations, produced by that food. The act of putting food 
in the mouth, chewing and swallowing it leads to this unitary flavour percept, 
which includes taste, smell, as well as other, trigeminally relayed sensations, 
such as the texture or temperature of the food, which are integrated in the brain 
(Small, 2012). At the very least, substances which produce the sensation of 
taste also produce oral somato-sensation upon coming in contact with the 
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tongue. This characteristic, among others, makes taste perception particularly 
difficult to measure and study.  
1.1 The Human Gustatory Pathway 
The taste buds present on the dorsal surface of the tongue and on the epiglottis 
are innervated by the facial nerve, glossopharyngeal nerve, and vagus nerve 
(cranial nerves VII, IX and X, respectively). When food/ other substances 
interact with taste receptor cells in the taste buds, these afferent fibres course 
to the nucleus of the solitary tract (NST) in the brainstem. From the brainstem, 
taste information is transmitted to the amygdala, the hypothalamus, and via the 
ventral posteromedial nucleus of the thalamus to cortical gustatory areas.  
 
Figure 1. Schematic representation of the basic human taste pathway. 
Own figure based on Purves et al., 2001. 
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1.2 Neural Correlates of Taste in Humans 
Our knowledge of the neural correlates of taste in humans is based on early 
lesion studies (Börnstein, 1940a, 1940b; Henkin et al., 1977), and relatively 
recent functional magnetic resonance imaging (fMRI) and positron emission 
tomography (PET) studies (de Araujo et al., 2003; Frey and Petrides, 1999; 
Kinomura et al., 1994; Schoenfeld et al., 2004; Small et al., 1999). A meta-
analysis of 10 fMRI and five PET studies, weighted by sample size, 
(Veldhuizen et al., 2011) showed significant activation probabilities in 
response to taste stimuli in bilateral anterior insula and overlying frontal 
operculum, mid-dorsal insula and overlying Rolandic operculum, bilateral 
posterior insula/parietal operculum/ postcentral gyrus, as well as left lateral 
orbitofrontal cortex (OFC), right medial OFC, pregenual anterior cingulate 
cortex (prACC) and right mediodorsal thalamus.  
Of these regions, the primary gustatory area is believed to be at the 
transition of the insula and the overlying operculum (Kobayakawa et al. 1996), 
where the quality (Schoenfeld et al., 2004) and intensity (Grabenhorst et al., 
2008) of taste is processed, whereas the orbitofrontal cortex is considered the 
secondary gustatory area, where the hedonic value of taste is processed (de 
Araujo et al., 2003; Kringelbach et al., 2003; McCabe and Rolls, 2007). 
Although the anterior insula and overlying frontal operculum have been 
proposed as the primary taste area (Small et al., 1999) based on its location in 
non-human primates (Ogawa et al., 1985), there is competing evidence 
suggesting that in humans, the primary taste area may in fact be at the junction 
of parietal operculum and insula (Kobayakawa et al. 1999).   
The work of Katz et al. (Katz et al., 2002) on taste in the mouse brain 
emphasizes the need to understand the dynamic and distributed nature of 
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gustatory processing.  They have shown that gustatory coding takes place via 
networks of feedback and feedforward pathways and that responses in the 
gustatory cortex are time-varying, reflecting somatosensory contact of the 
tastant, chemosensory processing of the tastant and multi-sensory coding of 
tastant palatability, in that order. A comparable account of this network in 
humans does not exist. The temporal resolution of fMRI and PET is in the 
order of seconds, and hence too low to capture dynamic neural processes that 
evolve within milliseconds. This problem is overcome in cognitive 
neuroscience through the use of magnetoencephalography (MEG) or electro-
encephalography (EEG), where neural responses can be measured, in the form 
of magnetic fields/ electrical signals generated by post-synaptic firing, at 
sampling rates as high as 1000 Hz or more. Indeed, it was evidence from MEG 
that challenged the notion that the anterior insula and frontal operculum is the 
primary gustatory area, as the taste evoked responses in the parietal operculum 
and insula could be observed 286ms earlier than the fastest responses in the 
anterior insula/ frontal operculum (Kobayakawa et al., 1999). However, to date 
there have only been a handful of attempts at investigating taste perception 
with the use of MEG (Kobayakawa et al., 1999, 1996; Onoda et al., 2005). 
EEG, which is less expensive,  less cumbersome and more flexible than MEG 
and has been employed more often to measure gustatory evoked responses (see 
Ohla, Busch, & Lundström, 2012 for review) in recent years. In the following 
section, I will present a brief account of the current state of and challenges 
particular to this research.  
1.3 Gustatory Event Related Potentials  
Compared to other sensory modalities, EEG studies of chemical senses in 
general, and gustation in particular have been few and far between. To bring a 
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simple yet illuminating statistic reported by Ohla et al., (2012) up to date, a 
search performed on the scientific publications database PubMed 
(http://www.ncbi.nlm.nih.gov/pubmed/) in July 2018, using the keywords 
“gustatory” and “EEG”, with the results restricted to “human”  populations, 
returned 54 hits. Whereas replacing “gustatory” with “visual”, “auditory”, 
“somatosensory”, or “olfactory” returned 15998, 10165, 4122, and 429 hits, 
respectively. This dearth of literature on gustatory EEG is a result of the 
challenges of stimulus control that are inherent to gustatory stimulation. While 
EEG records the electrical signals generated by the synchronous postsynaptic 
potentials of neurons, this includes the signals generated by many simultaneous 
brain processes, and the response to a specific stimulus is not usually visible 
through this ongoing signal in a single trial. Thus, the event related potential 
(ERP) technique looks at the averaged signal from many presentations (trials) 
of the same stimulus, so that the background signal is averaged out over trials, 
while the waveform showing the response to the stimulus of interest remains. 
Precisely time-locked stimuli with a sharp rise-time are required in order to 
average the signal from multiple trials and calculate ERPs  (Coles and Rugg, 
1995; Luck, 2005). This is difficult to achieve with liquid gustatory stimuli. 
Moreover, tactile-free taste stimulation is required in order to eliminate the 
oral-somatosensory component of gustatory ERPs (gERPs). An ingenious 
system for this purpose was devised by  Kobayakawa et al.,  in 1996. And a 
similar set-up has become commercially available in recent years in the form 
of a “gustometer”, (GU002, Burghart Messtechnik, Wedel, Germany, Fig 2) 
which has led to a number of gustatory EEG studies (Crouzet et al., 2015; 
Iannilli et al., 2014; Tzieropoulos et al., 2013). However, even the handful of 
existing studies are not in perfect agreement with one another in terms of the 
observed neural responses for the same taste quality.  In the following 
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paragraph, I will illustrate this point by considering the two tastes most relevant 
to the experimental work presented here – salty and sweet – in this regard. 
  
Figure 2. “Gustometer” for precise gustatory stimulation in humans 
A) Outer unit of the gustometer: Taste stimuli can be created by mixing the 
liquids from the five taste modules in concentrations ranging from 0-100%. 
The two water modules (marked by blue lids) provide a constant stream of 
atomised water pulses in which taste stimuli can be embedded seamlessly. In 
this way, the resulting evoked responses have a minimal somatosensory 
component. B) Tastant delivery apparatus inside the EEG chamber: The 
background water spray and stimuli are delivered through the spray-head 
directly on the extended anterior half of the participant’s tongue.  Images 
reproduced with permission from Burghart Messtechnik GmbH. 
 
The gustatory P1 component, the first positive deflection seen over 
fronto-central electrodes, has been reported in the past with peak latencies 
around 130–150ms (Mizoguchi, 2002, Wada 2005) for salty taste. Using the 
aforementioned Burghart gustometer, the P1 peak has been reported at 178ms 
A 
5 ft 
B 
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(Crouzet et al., 2015) between 77-235ms (Tzieropoulos et al., 2013) for salt, 
although another study failed to see this component (Iannilli et al., 2014) and 
only saw a negative deflection, N1 around 250ms, and a late positive 
component (LPC), believed to be related to endogenous stimulus properties, 
around 650ms over central electrodes. Tzieropoulos et al., (2013) also reported 
an N1 at 284 and 384ms, and the LPC between 554 – 729ms. Yet another study 
has reported the N1 much later at 506ms (Singh et al., 2011). These examples 
of the variability of these deflections and their latencies in only one type of 
taste show the elusive nature gustatory evoked responses. These are even more 
difficult to capture for sweet taste, where the latencies are greater and the 
signal-to-noise ratio (SNR) is generally lower than that for salt (Crouzet et al., 
2015), even making it impossible to compute a  gERP, in some cases (Iannilli 
et al., 2014)  
1.4 Obesity and taste perception 
Obesity is defined as an excess accumulation of body fat in a way that may be 
detrimental to health (“WHO | Obesity and overweight Fact Sheet N 311,” 
2015). Being obese increases an individual’s risk for developing diabetes, 
cardiovascular diseases, some forms of cancer, and stroke, among other 
physiological conditions (Haslam and James, 2005a), as well as depression 
(Haslam and James, 2005a; Luppino et al., 2010). Obesity can also affect an 
individual’s social health, as individuals with obesity are often subjected to 
social stigmatisation and exclusion (Sikorski et al., 2011). Globally, the 
prevalence of obesity has nearly tripled in the last four decades, with the 
number of obese adults in the world currently estimated to be over 650 million. 
Obesity is a preventable disease. As such, it is important to understand the 
mechanisms of obesity, and to investigate the neuro-behavioural mechanisms 
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that make certain individuals more susceptible to obesity, and/ or less likely to 
succeed in achieving desired weight loss after the onset of obesity. 
Obesity is caused by an imbalance between energy consumption and 
energy expenditure (Caballero, 2007). However, this process is affected by 
several physiological, genetic, and socio-economic variables, not all of which 
are understood. As mentioned earlier, taste perception is one of the central 
determinants of food intake. This takes place not just via nutrient-sensing, but 
also through some complex behavioural phenomena that depend upon taste 
perception. Food craving or intake can be influenced by sensory specific 
satiety (Rolls et al., 1981) where an individual may feel too full after 
consuming a particular food, but may still go on eating when presented with a 
different type of food, or by hedonic hunger (Lowe and Butryn, 2007), 
whereby an individual will feel the desire to consume food for the hedonic 
experience rather than in order to achieve homeostatic balance, i.e. a sense of 
satiety. Yet investigations of taste perception in relation to obesity over the 
years have provided inconsistent findings. For instance, evidence can be found 
for lower taste sensitivity in obesity (Proserpio et al., 2015), no effect of obesity 
on taste thresholds (Malcolm et al., 1980; Martinez-Cordero et al., 2015) or 
higher taste sensitivity in obesity in some or all tastes in children, adolescents, 
and older adults (Overberg et al., 2012; Pasquet et al., 2007; Simchen et al., 
2006). The interpretation of these discrepancies is made difficult by the 
heterogeneity of methods in studies of taste perception. These are discussed in 
more detail in publication 1. (See also Hummel, Hummel, & Welge-Luessen, 
2014; Snyder, Sims, & Bartoshuk, 2015 for an overview). Moreover, the 
aforementioned studies have tended to focus only on one or two measures of 
taste perception. A broader comparison of taste experience in obese and non-
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obese individuals, including thresholds as well as supra-threshold hedonic 
ratings for the four basic tastes, has only been carried out once using very small 
sample sizes (Malcolm et al., 1980). fMRI studies of taste perception and 
obesity present a similarly inconclusive picture. While a BMI-dependent 
higher BOLD response to taste has been reported more than once in gustatory 
areas like the insula (Stice et al., 2008b; Szalay et al., 2012) and the rolandic 
operculum (Ng et al., 2011; Stice et al., 2008b; Szalay et al., 2012), it is not 
clear when in the perceptual process these differences occur. It should also be 
noted that the above studies have used relatively complex taste stimuli (e.g. 
milkshake), rather than basic tastants, possibly increasing the oral-
somatosensory aspect of the neural responses.  
1.5. Rationale for the experimental work  
Deriving from the state of the literature as discussed above, we found the need 
to pursue the following experimental work:  
To begin with, we compared lean and obese individuals on behavioural 
measures of taste perception. Specifically, recognising the absence of a 
comprehensive comparison of all dimensions of taste perception in the same 
sample, we included recognition threshold-estimation for four basic tastes, as 
well as supra-threshold measures of taste intensity and pleasantness. Following 
up the findings of behavioural differences found between lean and obese 
individuals, we investigated the neural correlates of sweet and salty taste in 
these two groups. To this end, we measured taste-evoked responses in these 
two groups using head-surface EEG. Specifically, to remove the confounding 
effects of oral somato-sensation that are generally inherent in gustatory 
stimulation, we used a gustometer [Fig 2] which delivers taste stimuli by 
embedding them into a constant stream of water pulses, thus habituating the 
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participants to the touch of the spray and minimizing the concomitant lingual 
somatosensory response. Measures of taste intensity and pleasantness were 
also acquired from all participants on all trials along with EEG to see whether 
any potential differences in perceived experience of taste were predictive of 
the observed neural response, and vice versa.  
Given the lack of consistent observations in the literature, both studies 
were conducted in an exploratory manner. Nevertheless, specifically we 
intended to observe whether lean and obese individuals had differing 
sensitivity to taste stimuli or showed differences in perceived hedonics of taste. 
Furthermore, we sought to find out whether lean and obese individuals showed 
differential neural correlates of taste, and specifically, whether these 
differences occurred during the early or later phases of taste processing.  
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3. Summary   
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eingereicht von :  Samyogita Hardikar 
angefertigt am :  Max-Planck-Institut für Kognitions- und   
   Neurowissenschaften, Leipzig 
betreut von         :  Prof. Dr. Arno Villringer 
 
October 2018 
Obesity, defined as abnormal or excessive fat accumulation that may pose a 
risk to health (WHO, 2015), increases an individual’s chances of developing 
cardiovascular disease, stroke, diabetes, hypertension, cancer, as well as 
problems of mental health (Haslam and James, 2005b; Luppino et al., 2010; 
Sikorski et al., 2011). Obesity is understood to be caused by increased intake 
of energy-dense foods, often combined with a sedentary lifestyle, resulting in 
an energy imbalance (WHO, 2015). But the neural, behavioural, and 
physiological mechanisms behind excessive energy intake have not been 
elucidated completely.  
 Since the advent of neuroimaging, a significant portion of obesity 
research has focussed on reward mechanisms in the brain, especially in the 
context of food (Kenny, 2011; Ziauddeen et al., 2015). But it is unclear whether 
the differences in food reward seen in obesity are accompanied, or indeed 
preceded by differences in the way food is perceived at the gustatory level 
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(Donaldson et al., 2009). Moreover, most studies of neural taste processing in 
obesity have relied on functional magnetic resonance imaging (fMRI; Stice, 
Spoor, Bohon, & Small, 2008; Stice, Spoor, Bohon, Veldhuizen, et al., 2008; 
Szalay et al., 2012). The low temporal resolution of fMRI leaves it unresolved 
whether observed differences occur during the sensory encoding, or more 
cognitive and evaluative aspects of taste processing. Hence, in the present 
work, we explored differences between lean and obese individuals in the 
subjective perception and neural processing of taste. To the latter end, we 
employed electroencephalography (EEG). The high temporal resolution of 
EEG makes it possible to separate the sensory and cognitive aspects of neural 
processing, as reflected in earlier and later event related potentials (ERPs), 
respectively. 
Measurement of ERPs requires averaging the EEG recordings from a 
large number of time-locked trials (Luck, 2005). However, taste stimulation 
requires long inter-stimulus intervals in order to avoid habituation, making it 
difficult to include a large number of trials in a single session. For this reason, 
even though our study was exploratory, we thought it prudent to limit the 
stimuli to only the most relevant taste qualities. Therefore, as a foundation for 
the EEG study, we first tested lean and obese individuals on three behavioural 
measures of taste perception: recognition thresholds, and perceived intensity 
and pleasantness of supra-threshold tastants (study 1, Hardikar et al., 2017).  
First, we compared the recognition thresholds for sweet, salty, sour, 
and bitter between 23 obese (BMI>30) and 31 lean (BMI<25) participants 
using an adaptive Bayesian staircase procedure (Watson and Pelli, 1983). Next, 
participants gave ratings of “perceived intensity” and “perceived pleasantness” 
for supra-threshold concentrations of each taste quality. Here, in order to get a 
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comprehensive overview of group differences, we used two types of stimulus 
pairs for each taste quality. One pair consisted of “absolute” high and low 
concentrations, which were the same for all participants, and another pair 
consisted of “relative” high and low concentrations, which were adjusted to 
each participant’s taste thresholds. In this way, we were able to make between-
subject comparisons both for the same concentrations of a taste, as well as 
concentrations that were different across participants, but comparable in terms 
of each participant’s own taste-space.  
The results showed that obese participants had lower recognition 
thresholds for sweet and salty taste, indicating a higher sensitivity. This 
difference was also present in the supra-threshold measurements, where obese 
participants rated the “absolute” concentrations of sweet and salty as more 
intense. Interestingly, no group differences were observed when the supra-
threshold concentrations were adjusted to each individual’s thresholds.  
 Based on these results, we limited the subsequent investigation of 
gustatory ERPs (gERPs;) to sweet and salty taste. These two tastes are also the 
most relevant to the study of obesity, as in everyday life, food that is classified 
as either sweet or salty is consumed in greater quantities than food that is sour 
or bitter and is more likely to be paired with edible fats, resulting in a higher 
caloric content. We presented two supra-threshold concentrations (“high” and 
“low”) of sweet and salty to 30 lean and 25 obese participants while recording 
EEG from 62 channels (study 2, Hardikar et al., 2018). The tastes were 
presented with the use of a “gustometer” (GU002, Burghart Messtechnik, 
Wedel, Germany) especially suited to elicit gustatory ERPs without 
concomitant somato-sensory activation. We observed great inter-individual 
variability in the location, latency and strength of the gERPs [Appendix 1, Fig 
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3]. This presents a challenge for between-subject comparisons, as a lot of 
information is lost in averaging individual ERPs for the group-level analysis. 
It is also problematic for the selection of the time-points and electrodes of 
interest, as such a selection runs the risk of neural responses from some 
individuals being given more weight than others. Therefore, we chose to 
explore the responses over the whole epoch in the lean and obese group further 
using the “decoding” approach of  multivariate pattern analysis (MVPA; see 
Grootswagers, Wardle, & Carlson, 2017; Kriegeskorte, 2011), where a 
machine learning algorithm is trained to classify the brain response patterns to 
two or more stimulus classes using a subset of the data, and then the decoding 
performance of this classifier is tested using the remaining data, thereby 
identifying the neural response patterns associated with specific stimuli. 
MVPA uses the instantaneous patterns from all electrodes, side-stepping the 
issue of arbitrary selection of electrodes and epochs of interest. This method 
has previously been employed to decode taste quality from the pattern of neural 
responses evoked by taste stimuli using the same protocol as the current study 
(Crouzet et al., 2015). Notably, we performed these decoding analyses on a 
single trial level. As a result, the differences reported are not driven by a few 
individuals within a group who display stronger signal-to-noise ratio (SNR), 
but rather by the characteristic patterns that are common to the whole group. 
In line with Crouzet et al., (2015) the results showed that taste qualities were 
discriminable from around 130 ms and stayed discriminable until after stimulus 
offset. These differential representations faded earlier in the obese group than 
the lean group. We investigated whether the longer representations in the lean 
group arose from an additional processing step or from the same processes 
lasting longer. For this, analysis of temporal generalization was performed for 
both groups, which revealed that the same “later evaluative” process that 
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started around 300 ms in the two groups lasted longer in the lean group and 
faded out earlier in the obese. We also analysed the global map dissimilarities 
between these two groups, which did not show any significant differences in 
the underlying cortical generators of the neural signal. Differences in later 
gustatory response patterns even allowed decoding of group membership. 
Importantly, group differences were absent for visual processing, and cannot 
be put down to group differences in the anatomy or signal-to-noise ratio alone. 
The latency of the observed effects suggests that later evaluative aspects of 
taste processing, or possibly the working memory maintenance of taste are 
altered in obesity. Differences in the evoked potentials were observed in the 
absence of significant differences in the “intensity” and “pleasantness” ratings 
of the two groups. However, calculation of Bayes Factors showed that the 
current data do not provide strong evidence for an absence of group 
differences.  
As these analyses were exploratory in nature, future studies will have 
to not only replicate the results but delve deeper into the underlying 
mechanisms and behavioural consequences of the findings. The second study 
presented here is also the biggest sample of gustatory evoked potentials that 
has ever been reported. Given the observed variability of these potentials 
across individuals it seems plausible that a bigger sample introduces more 
heterogeneity leading to an attenuation of the group ERPs. Future gERP 
studies should therefore also work on ensuring a good SNR and investigate the 
reasons for the high variability observed in gERPs. Nevertheless, the present 
combination of precise taste stimulation, high temporal resolution of EEG and 
the exploratory potential of MVPA provides a novel and useful approach for 
investigating the elusive dynamics of food perception in obesity research and 
beyond.  
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A. Appendix  
A.1 Individual differences in gustatory event related potentials. 
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C 
 Figure 3 A) Example gERP from 
one participant, displaying an 
early sensory component in 
response to sweet and salty at 
electrodes Fz and T7, followed by 
a slower rising later cognitive 
component at POz.  
B) Data from another participant 
does not show the aforementioned 
components at the same 
electrodes.  
C) Grand averaged gERP with 
95% CI. from 30 lean participants, 
showing much weaker deflections 
as compared to the single-subject 
data shown in 3A. 
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